21 /calmodulinbinding enzyme that generates nitric oxide (NO) and L-citrulline from the oxidation of L-arginine, and superoxide (O 2 À ) from the one-electron reduction of oxygen (O 2 
INTRODUCTION
Neuronal nitric oxide synthase (NOS I) belongs to a family of enzymes, nitric oxide synthases (NOS, EC 1.14.13.39), known to catalyze the conversion of L-arginine to nitric oxide (NO) and L-citrulline (Moncada and Higgs, 1993; Nathan and Xie, 1994) . NOS I and endothelial NOS (NOS III) are constitutive isoforms dependent on the transient influx of Ca 21 to activate calmodulin, which binds to the isoform to elicit enzyme activity.
A third isoform, inducible NOS (NOS II), is a cytokine-inducible isoform independent of Ca 21 in which calmodulin is permanently bound (Nathan and Xie, 1994) . These enzymes are composed of an N-terminal oxidase domain containing an iron protoporphyrin IX (heme), tetrahydrobiopterin (H 4 B) with a binding site for L-arginine, and a C-terminal reductase domain containing the flavin adenine dinucleotide (FAD) and the flavin adenine mononucleotide (FMN). The two domains are connected by a calmodulin-binding motif to which a transient influx of Ca 21 binds (Abu-Soud et al., 1994; Kobayash et al., 2001; Matsuda and Iyanagi, 1999; Miller et al., 1999) . Besides producing NO, NOS also generates superoxide (O 2 À ), the ratio of these free radicals is dependent on the concentration of Larginine (Pou et al., 1999; Yoneyama et al., 2001) . Nitric oxide from NOS I has been implicated in many physiological processes, including vasodilator tone and the development and properties of neuronal function (Moncada and Higgs, 1993; Roskams et al., 1994) . In addition, NOS I has been associated with hypertension (Chrissobolis et al., 2002) .
There are regulatory co-factors that dictate whether NOS I generates NO and/or O 2 À and H 2 O 2 . For instance, in the absence of L-arginine, O 2 À (Pou et al., 1999; Yoneyama et al., 2001 ) and H 2 O 2 are directly produced; the ratio of these reduction products of O 2 is set by the presence of H 4 B . Again, the binding of L-arginine to NOS shifts electron transport from O 2 to this amino acid, producing NO at the expense of O 2 À (Pou et al., 1999) . Another control element is calmodulin, and, in the presence of Ca
21
, it binds to NOS I and enhances electron transport through the reductase domain to the heme, allowing NO and O 2 À to be produced [for a review, see Roman et al. (2002) . Unlike Ca 21 , which is tightly regulated in the cell (Clapham, 1995) (Goldstein and Ar, 1983; Habermann et al., 1993; Mills and Johnson, 1985) , and several of these divalent cations have been associated with NOS, although the mechanism by which these metals affected NOS is not well understood (Gupta et al., 2000; Mittal et al., 1995; Palumbo et al., 2001; Perry and Marletta, 1998; Yamazaki et al., 1995) . Activation of NOS I by divalent cations, other than Ca 21 , may initiate toxicity through over-production of NO, O 2 À , and products derived from these free radicals. In the present study, we investigated the possible effects of several divalent metal ions, known to activate calmodulin, on NOS I-mediated catalysis in the absence and presence of Larginine. . 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO) was synthesized as described in the literature (Stolze et al., 2003; Tsai et al., 2003) . Dowex 50W-X8 cation exchange resin was obtained from Bio-Rad (Hercules, CA). All other chemicals were used as purchased without further purification. Buffers used contain less than 0.01% of inorganic salts, including Ca 21 .
Purification of NOS I. NOS I was expressed and purified essentially as described in the literature (Roman et al., 1995) , with the modification that the culture volume was 500 ml rather than 1000 ml. The enzyme concentration was determined by its CO-difference spectrum, as described by Roman et al. (1995) , using an extinction coefficient of 100 mM À1 cm À1 at De 444-475 nm.
NOS I activation using the [ 14 C]L-citrulline formation assay. The activation of purified NOS I was determined by its ability to catalyze the formation of L-citrulline from L-arginine as previously reported , with modifications. A cocktail solution ( [ 14 C]L-arginine (0.6 mCi/ml) in the presence of NADPH (1 mM), L-arginine (100 mM), and calmodulin (100 U/ml) in HEPES buffer (50 mM, 0.5 mM EGTA, pH 7.4) was prepared. The reaction was initiated by the addition of the cocktail solution into the reaction mixture containing purified NOS I (3.7 mg) and Ca (from 100 mM to 1 mM) to a final volume of 150 ml. The reaction mixture was incubated at room temperature for 10 min and terminated with 2 ml of stop solution (20 mM HEPES, 2 mM EDTA, pH 5.5). The product [ 14 C]L-citrulline was separated by passing the reaction mixture through columns containing Dowex 50W-X8 cation exchange resin preactivated with sodium hydroxide (1 M), and radioactivity was counted using a scintillation counter (Model LS 6500; Beckman Coulter Inc., Fullerton, CA). Data were expressed as means and standard deviations of multiple experiments.
Determination of nitric oxide production. The initial rate of NO production by purified NOS I was estimated using the hemoglobin assay (Murphy and Noack, 1994) . The reaction was initiated by the addition of NOS I (2.0 mg) to a cuvette containing HEPES buffer (50 mM, 0.5 mM EGTA, pH 7.4), oxyhemoglobin (10 mM), the divalent cation (500 mM), calmodulin (100 U/ml), NADPH (100 mM), and L-arginine (100 mM) to a final volume of 500 ml at room temperature. A UV-Vis spectrophotometer (Uvikon, Model 940, Research Instruments International, San Diego, CA) was used to monitor the conversion of oxyhemoglobin to methemoglobin during the course of the reaction. Specifically, the increase in absorbance at 401 nm was used to quantitate the reaction, using an extinction coefficient of 60 mM À1 cm À1 at 401 nm.
Spin trapping of NOS I-generated O 2 À using BMPO. Spin trapping of O 2 À by BMPO was conducted in a reaction mixture containing, NOS I (14.2 mg), various divalent cations (500 mM), and calmodulin (100 U/ml) in phosphate buffer (50 mM, pH 7.4, 1 mM DTPA, 1 mM EGTA). The reaction was initiated by the addition of BMPO (50 mM) and NADPH (100 mM) into the reaction mixture to a final volume of 0.3 ml at room temperature. The reaction mixture was mixed, transferred into a quartz flat cell and fitted into the cavity of the EPR spectrometer. EPR spectra were continually recorded at room temperature and data shown below in Figure 4 were obtained 10 min after the initiation of the reaction. Instrument settings were as follows: microwave power, 20 mW; modulation frequency, 100 kHz; modulation amplitude, 0.5 G; sweep time, 12.5 G/min; and response time, 0.5 s. The receiver gain for each experiment is given in the legend of Figure 4 .
Generation of O 2
À by hypoxanthine/xanthine oxidase. Superoxide was generated from the action of xanthine oxidase on hypoxanthine (400 mM, final concentration) in sodium phosphate buffer (50 mM, pH 7.4, 1 mM DTPA, 1 mM EGTA; Chelexed, pH 7.4). The initial rate of O 2 À generation was estimated spectrophotometrically by measuring the SOD-inhibitive reduction of ferricytochrome c (80 mM) at 550 nm using an extinction coefficient of 21 mM À1 cm À1 at 550 nm (Kuthan and Ullrich, 1982) . , Ba 21 , Mn 21 , or Cd 21 (500 mM), calmodulin (100 U/ml), and NOS I in HEPES buffer (50 mM, pH 7.4, 0.5 mM EGTA) at room temperature. The reaction was initiated by the addition of NADPH (100 mM) to the reaction mixture to a final volume of 500 ml. The initial rate of ferricytochrome c reduction in the absence and presence of SOD (30 U/ml) at 550 nm was estimated spectrophotometrically using an extinction coefficient of 21 mM À1 cm À1 at 550 nm.
RESULTS

Effect of Divalent Metal Ions on Calmodulin-Dependent Activation of Purified NOS I
Several divalent cations have been shown to bind and activate calmodulin (Goldstein and Ar, 1983; Habermann et al., 1993; Mills and Johnson, 1985 (Fig. 1) for each metal ion salt, but at concentrations up to 1 mM, NOS I activation decreased by $90% and $60%, respectively. At maximal response, Ni 21 and Mn 21 produced $40% and $70%, respectively, of L-citrulline as compared to Ca 21 -stimulated NOS I (Fig. 1) . Interestingly, Cd 21 demonstrated negligible NOS I activation ($9%), even at 500 mM. From these data, it was determined that 500 mM of each divalent cation would produce respective maximal activation under these experimental conditions, and this concentration was used for further experiments.
Next (Fig. 2) . A correlation between the initial rates of NO generation and production of L-citrulline was established by converting the respective values to percent control with respect to Ca 21 -activated NOS I (Table 1 and Fig. 3) . The percent control values show that the initial rates of NO production are comparable to the L-citrulline assay, each following the same trend of activation in which Mn 21 and Ni 21 produced the least amount of NO. Control experiments were also performed to ensure that the counter ions, Cl À or NO 3 À , did not contribute to the observed results (Nishimura et al., 1999; Schrammel et al., 1998) . Substituting KCl (500 mM) or KNO 3 (500 mM) for the divalent salts resulted in no activation of NOS I in the absence of Ca 21 or inhibition in the presence of Ca 21 (500 mM) (data not shown). It was concluded that any effect these counter ions have on NOS I activity is negligible in this study, and all observations were a 14 C]L-arginine (0.6 mCi/ml), Larginine (100 mM), CaCl 2 (500 mM) and either BaCl 2 (500 mM), MnCl 2 (500 mM), NiCl 2 (500 mM), or Cd(NO 3 ) 2 (500 mM) in HEPES buffer (50 mM, 0.5 mM EGTA, pH 7.4). Each point represents the mean 6 S.D. of the % control from three independent experiments on the same preparation of purified NOS I.
EFFECT OF DIVALENT CATIONS ON NOS I ACTIVITY 327 consequence of the respective divalent cations. These data also further confirmed that Cd 21 does not activate NOS I.
Spin Trapping of NOS-Generated O 2 À NOS I produces O 2 À in the absence of L-arginine (Pou et al., 1992; Yoneyama et al., 2001 À gives a spin-trapped adduct, BMPO-OOH, that exhibits a long half-life . As depicted in Figure 4 , BMPO spin trapped O 2 À from NOS I activated by various divalent cations. However, the EPR spectral peak height of BMPO-OOH was much greater with Ca 21 than with Ba 21 , Ni 21 , and Mn 21 (500 mM for each ion)-activated NOS I. These data suggested that NOS I generated considerably less O 2 À when activated by these metal ions than when activated by Ca 21 . In the case of Mn 21 , the EPR spectral peak height of BMPO-OOH was diminished by nearly 80% as compared to control (Fig. 4) . À . And the SOD-like property of each of the divalent cations (500 mM), which was dissolved in the buffer used in the experiments above, was estimated by monitoring the initial rate of ferricytochrome c reduction as compared to that observed with SOD (30 U/ml). The control was performed in the absence of these metal cations. In the absence of divalent cations, 0.613 6 0.17 mM/min of O 2 À was generated, as measured by the reduction of ferricytochrome c, and in the presence of Ca 21 , Ba 21 , Ni 21 , or Mn 21 , 0.598 6 0.17, 0.547 6 0.18, 0.604 6 0.15, or 0.540 6 0.16 mM/min of O 2 À , respectively, was observed. From these data, no significant SOD-like property was attributed to any of the divalent cations. 3.32 6 6.0 0.8 6 2 a Rates are the average of three independent experiments, expressed as the means and standard deviations.
FIG. 4. Spin trapping of O 2
À from purified NOS I by BMPO. A representative plot of the first low-field peak height, arrows in the insert, of the EPR spectrum of BMPO-OOH from O 2 À generated from divalent cationactivated NOS I in the absence of L-arginine. This nitroxide is derived from the reaction of O 2 À with BMPO. Each point represents the mean 6 S.D. of the % control from three independent experiments on the same preparation of purified NOS I. Insert -The EPR spectrum of BMPO-OOH was obtained 10 min after the spin trapping of O 2 À generated Ca 21 -activated NOS I in the absence of L-arginine. The reaction system consisted of NOS I (14.2 mg), CaCl 2 (500 mM), calmodulin (100 U/ml), NADPH (100 mM), and BMPO (50 mM) in phosphate buffer (50 mM, pH 7.4, 1 mM DTPA, 1 mM EGTA). Receiver gain was 5310 
Reduction of Ferricytochrome c by Divalent Cation-Activated NOS I
As reported in the literature, ferricytochrome c is reduced by NOS I (Heinzel et al., 1992; Mayer et al., 1991; Pou et al., 1992; Roman et al., 2000; Sheta et al., 1994) . This enzymatic reduction occurs in the absence and presence of calmodulin, although the reduction in the absence of calmodulin is 10-fold less than in the presence of calmodulin when NOS I is activated using Ca 21 /calmodulin (Roman et al., 2000) . . Also, each cation-activated NOS I followed the trend of maximal activation similar to that seen in previous experiments. Of note, the rates of ferricytochrome c reduction in the presence of Cd 21 -activated NOS I, with and without calmodulin, were the same, confirming that the activation of NOS I as measured by the L-citrulline assay by Cd 21 is negligible. In each case, whether calmodulin was present or not, SOD (30 U/ml) did not inhibit the reduction of ferricytochrome c. These data demonstrate that this reduction was not a consequence of O 2 À , but resulted from direct reduction by NOS I, as shown previously (Pou et al. 1992) .
DISCUSSION
Activation of calmodulin occurs when Ca
21 occupies all four EF-hand domains (Kern et al., 2000) . The binding of Ca 21 to calmodulin produces a conformational change that converts the protein to an active form, which binds to NOS I, allowing electron transport through the reductase domain of NOS to the oxidase domain to facilitate the production of NO, O 2 À , and H 2 O 2 . Several divalent and trivalent cations besides Ca 21 can bind to calmodulin and exert cellular toxicity by altering the normal homeostasis of the Ca 21 /calmodulin pathway (Habermann et al., 1993; Mills and Johnson, 1985; Ozawa et al., 1999 (Fig. 2) . The increase in L-citrulline formation seen with the simultaneous inclusion of Ca 21 and Ba 21 was surprising. We are exploring this synergistic phenomenon in more detail. Of note, although the trend of activation is the same, the percent control values for NO generation and L-citrulline production differed by $10% for Ni 21 and Mn 21 , with the values for Ba 21 differing by $20%. Because the trend of activation remained the same independent of the assay, these differences were disregarded.
In the absence of L-arginine, each divalent cation-activated NOS I was shown to reduce ferricytochrome c at rates comparable to Ca 21 -activated NOS I (Table 2) . Similarly, ferricytochrome c reduction by NOS I in the absence of calmodulin was $10-fold less than in its presence (Table 2) , confirming an earlier report (Roman et al., 2000) . This finding supports the notion that the activity associated with these divalent cations is a result of these metal ions binding to calmodulin.
Depending on the divalent cation used to activate NOS, differing amounts of O 2 À were generated. This observation was similar to that seen with L-citrulline and NO production (Figs. 3  and 4) . However, the disparity in NOS production of O 2 À , NO cannot be overlooked. Several control experiments verified that the disparity in the EPR spectral peak heights correlated with variable amounts of NOS-generated O 2 À , and that these differing EPR spectral peak heights were not attributed to other reactions taking place in the reaction mixture, such as variable SOD-like activity of the metal ions or an enhanced rate of BMPO-OOH decomposition of the BMPO-OOH in the presence of the various divalent cations.
We offer several possible explanations for the differences in L-citrulline, NO, and O 2 À production by these metal ions. It has been suggested that cations with a specific range of radii are required to induce the necessary conformational change for calmodulin activity (Ozawa et al., 1999) . Therefore, a plot of NOS I activation versus ionic radii was developed (Fig. 3) . This plot confirms that the initial rates of NO generation and total L-citrulline production follow the same trend, and that a specific range of radii is necessary for maximal activation with calmodulin. Divalent cations smaller or larger than Ca 21 exhibit decreases in activation. In contrast, no activation was observed using Cd 21 with ionic radii of 1.09 Å (Huheey et al., 1993) , and previous work observed that Sr 21 -activated NOS I was similar to Ca 21 -activated NOS I, although Sr 21 (1.32 Å ) has a similar ionic radius to Pb 21 (1.33 Å ), which showed minimal activation, (Huheey et al., 1993; Weaver et al., 2002) . These findings suggest that other factors are involved for calmodulin activation of NOS I. In addition, Cd 21 has been shown to activate other calmodulin-dependent processes, although NOS I activation was not observed in these studies (Habermann et al., 1993; Ozawa et al., 1999) . a Rates are the average of three independent experiments, expressed as the means and standard deviations.
